The x-ray energies and transition rates of single and double electron radiative transitions from double K hole state 2s2p to 1s2s and 1s 2 configuration of 11 He-like ions (10 ≤ Z ≤ 47) are evaluated using fully relativistic multi-configuration Dirac-Fock method. An appropriate electron correlation model was constructed with the aid of active space method, with which the electron correlation effects can be studies efficiently. The contributions from electron correlation, Breit interaction to the transition properties have been analyzed in detail. It is found that the two-electron one-photon (TEOP) transition is correlation sensitive. The Breit interaction and electron correlation both have significant contribution to the radiative transition properties of double K hole state of He-like ions. A good agreement between the present calculation and the previous work was achieved. The calculated data will be helpful for the future investigations on double K hole decay process of He-like ions.
I. INTRODUCTION
The energy level structures and radiative decay processes of the inner-shell hole state are one of the important issues of atomic physics [1] [2] [3] [4] [5] [6] . The inner-shell hole state is a special excited state which refers to the innershell orbital of an atom or ion is unoccupied, while the outer shell orbital is occupied by electrons. The inner shell hole state have been observed in high-energy ionatom collisions process [7] [8] [9] , synchrotron radiation [10] , laser-produced plasmas [11] , ion beam-foil spectroscopy [12] , tokamak [13] , and solar flares [14] . Moreover, it can also be produced by the electron excitation or ionization of the inner-shell of atom or ions [15] , as well as the inner-shell photoionization or photoexcitation process with high-energy photons [16] . These exotic atoms are extremely unstable and mainly decay through nonradiative Auger process [17] [18] [19] and radiative process. The former is usually faster than the later. With the development of X-ray spectroscopy, the technology of detection on the weak signals helps scientists to understand such processes from the photon perspective.
It is also possible to create an ion where innermost shell were empty, forming a double K shell hole state [20] . Generally, the radiative de-excitation of an atom with an initially empty K shell may take place either through the more probable one-electron one-photon (OEOP) transition or through the competing weak two-electron onephoton (TEOP) transition. For the initially double K hole state 2s2p in He-like ion system, it can decay through either OEOP transition to single excited states 1s2s in which a 2p electron transition to 1s with a spectator 2s electron, or TEOP transition in which both two electrons in 2s and 2p orbitals transition to 1s orbital simultaneously to ground states 1s 2 due to the electron * dingxb@nwnu.edu.cn correlation effects. The TEOP process was first predicted theoretically by Heisenberg in 1925 [21] and was observed from the ion-atom collision experiments between Ni-Ni, Ni-Fe, Fe-Ni and Fe-Fe by Wölfli et al. in 1975 [22] . Since then, the TEOP transitions have been widely studied both theoretically and experimentally [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . TEOP process is strictly forbidden in independent particle approximation of atom. Investigations on this process are helpful to explain the electron correlation effects, relativistic effects and quantum electro-dynamics (QED) effects on the energy level structure and radiative transition of these exotic atoms. It is also helpful to reveal the situation of the electron coupling in the complex atom system. For the astrophysics and laboratory plasma, some important diagnostics information, such as the composition, temperature and density were also provided by these basic atomic physics processes [23, 24] .
There are many works related to the energy levels and transition properties of inner-shell hole state in the past several decades [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] , where only a few studies focused on He-like ions [28] [29] [30] [31] [32] [33] [34] [35] . The He-like ion is a two-electron system with simple structure and electron correlation effect and it can be used as a good candidate to study the TEOP process. Kadrekar and Natarajan calculated transition property and the branching ratios between OEOP and TEOP transition in He-like ions with 2s2p configuration using multi-configuration Dirac-Fock (MCDF) method [29] and they find that the contribution from TEOP transition is considerable for low-Z ions. The influence of configuration interaction on single-electron allowed E1 transitions is negligible. They also calculated both OEOP and TEOP transition from 2s2p and 2p 2 of He-like Ni, including electric dipole transition (E1)and magnetic quadrupole transition (M2) [30] and they find that higher order corrections are more important for the ∆n = 0 than for the ∆n = 1 transitions of He-like Ni. After that, Natarajan conducted a research on the orthogonality of the basis. The biorthogonal and common basis sets give almost the same transition rates for light and medium heavy elements while the differences are substantial for heavy elements [31] . The contributions from correlation and higher-order corrections consist of Breit and QED effects to the energies and transition rates were analyzed. Experimentally, the transitions from 2s
2 -1s2p in He-like Si has been observed in laser-produced plasma experiments at the TRIDENT facility by Elton et al. [32] . Tawara and Richard et al. observe the Ar K Xrays under 60 keV/u Ar 16+ -Ar collisions from the KSU EBIS [35] .
Previous theoretical and experimental investigation on the OEOP and TEOP transition mostly focused on the low-Z atoms, while only few work on the high-Z ions [36, 37] . The present work reports a MCDF calculation of OEOP and TEOP transition from double K hole 2s2p configuration in 11 selected He-like ions (10 ≤ Z ≤ 47). The electron correlation effects were taken into account by choosing appropriate electron correlation model using active space method. The Breit interaction and QED effects were included perturbatively in relativistic configuration interaction (RCI) calculation. The finite nuclear size effects were described by a two-parameter Fermi distribution model. The purpose of present calculations is to explore the variation trend of electron correlation effect and Breit interaction on the transition energies and rates of OEOP and TEOP transitions with increase of Z. The present results will be helpful for the future theoretical and experimental work on the radiative decay processes of the double K hole states. The calculation has been performed by using Grasp2K code [38] .
II. THEORETICAL METHOD
The multi-configuration Dirac-Fock (MCDF) method is widely used to investigate the relativistic, electron correlation, Breit interaction and quantum electrodynamics effects (QED) effects on the structure and transition of complex atoms or ions, which based on a relativistic atomic theory [39] [40] [41] . The method was expounded in Grant's monograph [42] and had been implemented by Grasp family code [38, [43] [44] [45] [46] . Here, only a brief introduction about MCDF method was given.
In the MCDF method, the atomic state wave function (ASFs) Ψ(P JM J ) for a given state with certain parity P, total angular momentum J, and its z component M J is represented by a linear combination of configuration state functions (CSFs) Φ(γ i P JM J ) with the same P, J, M J , which can be expressed as:
where N c is the number of CSFs and γ i denotes all the other quantum numbers necessary to define the configuration, c i is the mixing coefficient. The CSFs are the linear combinations of Slater determinants of the manyparticle system consisting of single electron orbital wave functions. The extended optimal level (EOL) mode is used in the self-consistent field (SCF) calculation to optimize the radial wave functions. The mixing coefficients c i of CSFs are determined variationally by optimizing the energy expectation value of the Dirac-Coulomb Hamiltonian, which is defined as in the following equation:
The RCI calculations have been done by including higher-order interactions in the Hamiltonian. The transverse photon interaction plays a dominant role in the calculations, especially for high-Z ions, which can be expressed as follows:
The Breit interaction is the low-frequency limitation of eq. (3). QED effect comprise of vacuum polarization and self-energy are also taken into account in the present calculation perturbatively.
III. ELECTRON CORRELATION MODEL AND CALCULATION STRATEGY
The electron correlation effects was taken into account by choosing appropriate electron correlation model. The correlation model used in the present calculation is similar to the model used by Kadrekar and Natarajan [29] . The major electron correlation effects can be captured by including the CSFs that can be formed from configurations obtained by allowing single and double (SD) excitations from the interested reference configurations to some virtual orbitals space. The configuration space was extended by increasing the active orbital set layer by layer to study the correlation contributions. Generally, the zero-order Dirac-Fock (DF) wave functions were firstly generated from the reference configurations of Helike ions in EOL mode for initial and the final state. In the EOL method, the radial wave functions and the mixing coefficients are determined by optimizing the energy functional which is the weighted sum of the selected eigenstates. For double K hole state, the minimum basis (MB) was generated by considered limited expansion allowing SD substitutions of electrons from the reference configurations. Since this procedure result in better optimized wave functions than the DF functions, all the study on the correlation effects were carried out with respect to MB. Then, the active space was expanded to the first layer, i.e. n = 3, l = 2 ({n3l 2}) virtual orbitals and all the newly added orbital functions were optimized while 1s, 2s and 2p orbitals were kept fixed from MB. Re-peat these step by step and increase the virtual orbitals to make sure that eigenenergy and wave function were converged. To ensure the stability of the numeric data and reduce the calculation time, only new added layer was optimized and the previous calculated orbits were all kept frozen. As the virtual orbitals increasing, the number of CSFs increased rapidly. In order to maintain calculation manageable, the principle quantum number of the virtual orbitals was limited to n = 6.
IV. RESULT AND DISCUSSION
One of the main purposes of this work is to study the effect of electron correlation effects on the transition properties of TEOP and OEOP transition process of Helike ions. The energy levels and transition properties of He-like Ne, Si, Ar, Ca, Fe, Ni, Cu, Zn, Kr, Nb, and Ag ions were calculated by using MCDF method with active space method. The eigenvalues (in eV) of the energy levels of double excited configuration 2s2p and the single excited configuration 1s2s of He-like Ne and Ag were presented in Table I to show the convergence. From the table the correlation model of MB led to better optimized wave functions than the DF functions, so all our investigations on the effect of correlation and higher-order corrections were carried out with respect to MB. It can be speculated from the table that with the increase of the active space, the eigenenergy tend to be converged both for low-Z and high-Z ions. The energy E of 2s2p relative to the ground state 1 S 0 1s 2 of He-like Ne was provided with available theoretical results. An excellent agreement with relative error ≤ 0.1% between the present calculation and the previous work, which also use the MCDF method, was achieved. Therefore the present calculation was restricted to the {n6l3} correlation models.
The transition energy in eV of OEOP transition from 2s2p configuration to 1s2s configuration of He-like ions (10 ≤ Z ≤ 47) were presented in Table II . The results for Z ≤ 26 He-like ions agree well with the available experimental data and other theoretical calculation results. The average relative error of the current calculation compare to the experimental observation is about 0.01%-0.09%. The ions with Z ≥ 28 were also calculated in the present work. To the best of the authors' knowledge, the corresponding experimental and theoretical data was unavailable. Therefore, it will be helpful for the future experimental and theoretical investigation.
In the calculation of the transition properties in relativistic atomic theory, Babushkin (B) and Coulomb (C) gauge were often used, which corresponding to the length and velocity gauge in non-relativistic quantum mechanics, respectively. Both are equivalent when exact wave functions are used, but they usually give rather different results when approximate wave functions are used. The consistency of the transition rate from different gauge indicates the accuracy of the wave function in some extent. The ratio respect to the transition rate from Babushkin and Coulomb gauge often has been adopted to be a criteria for the accuracy of wave function and the calculation results. It was found in the present calculation, the ratio of the transition rate from different correlation model will tend to 1.00 with the increase of active space. It indicate that the wave function used in the present calculation was good and the most important correlation effects were included in the present calculation.
The transition rate of OEOP transition from 2s2p to 1s2s of He-like ions (10 ≤ Z ≤ 47) were presented in Table III. For brevity, only transition rate in Babushkin gauge are given in the table. The current calculated transition rates is in good agreement with the numeric data calculated by Kadrekar and Natarajan using MCDF method [29] and by Goryaev et al. using Z-expansion method [47] . The Z-expansion method based on the perturbation theory and hydrogen-like basis, while MCDF could include the electron correlation effectively. Four allowed transitions and two dipole forbidden transitions are listed in the when Z=10, while the ratio increase to 10 −1 when Z=47. It is indicates that the intensity of these dipole forbidden transition increases sharply with the increasing of Z, which provide a good candidate that could be used to observe the E1 forbidden transitions in high-Z ions. For the high temperature plasma, some important diagnostics information are provided by these transitions.
The transition energy and the rate of TEOP transitions from the initial state 2s2p to the final state 1s 2 configuration are listed in Table IV . The ratio respect to the transition rate from Babushkin and Coulomb gauge is about 1.2-1.5. The TEOP transition energy is approximately twice of the corresponding OEOP transition energy as expected. The magnitude of the transition rate indicates that the intensity of the transition line. In general, a good agreement between the present rate and the length gauge rate of Kadrekaret al. [29] can be obtained.
The electron correlation effect on the OEOP and TEOP transition energies and rates are shown on Fig. 1 . The correlation contribution to the transition energy from the {n6l3} are presented in Fig. 1(a) and (b) respect to that of MB. From Fig. 1(a) , the correlation contribution to the transition energies from 1 P 1 upper level are decrease smoothly, while others are increases with Z increase. The correlation effect contribute to the transition energy of the allowed transitions by 0.2eV to 1.0eV, while it is 0.2 eV to 1.5 eV for dipole forbidden transition. However, for the TEOP transition in Fig. 1(b) , the contribute to the transitions energy is 0.2 eV to 1.5 eV.
The percentage of the correlation contribution to the OEOP and TEOP transition energies from {n6l3} with respect to MB are given in Figs. 1(c) and (d) . The contribution from the electron correlation on the transition energy increases with increasing of Z for TEOP transitions and 3 P 1 -1 S 0 OEOP transition while others are decrease. The percentage contribution of electron correlation to the transition rates in Babushkin Gauge of OEOP and TEOP transition from {n6l3} with respect to MB are shown on Fig. 1 (e) and (f). The general trend of the correlation contribution to the transition rate of OEOP process become smaller while that to TEOP transition become larger with increasing of Z. However, for the low-Z elements especially 15 ≤ Z ≤ 25, irregularities in the E1 forbidden transition rate was observed. This might caused by the fact that the Coulomb interaction between the nucleus and electrons competes with the electron correlation for low-Z elements. For high-Z ions, the Coulomb interaction between the nucleus and electrons dominated and the correlation contribution becomes smaller. Fig. 2 shows the contribution from the Breit interaction to the transition energy and rate of OEOP and TEOP transitions. In Fig. 2(a)-(d) , it is found that the Breit interaction decrease the 1 P 1 -1 S 0 and 3 P 1 -1 S 0 transition energies of both OEOP and TEOP transition, while it slightly increase the transition energy of the transition to 3 S 1 state in OEOP transitions. This is due to the Breit interaction reduces the binding energy of each state of 2s2p configuration and also reduces the 1 S 0 of 1s2s configuration and slightly increase the binding energy 3 S 1 state of 1s2s configuration, which makes the transition energy of 1 P 1 -1 S 0 and 3 P 1 -1 S 0 become smaller and the energy of other transition to 3 S 1 state slightly increase. It can be inferred from Fig. 1 and 2 that the contribution from electron correlation larger than that from Breit interaction for low-Z element, while the latter becomes significant for high-Z ions.
In Fig. 2 (e) and (f), the contributions from Breit interaction to the transition rate in length gauge of OEOP and TEOP was given. Unlike correlation contribution, the Breit interaction reduces the rates of 1 P 1 -1 S 0 and 3 P 1 -1 S 0 , and slightly increase the transition rate of other transitions to 3 S 1 state of OEOP process. For TEOP transitions, the Breit interaction increase the transition rate of 1 P 1 -1 S 0 and 3 P 1 -1 S 0 with the increase of Z. As seen clearly from the figs, the Breit interaction contribution to 1 P 1 -3 S 1 and 3 P 1 -1 S 0 OEOP transition rates is about 3.2% and 2.8% at Z = 10, respectively. It decreases with the increase of atomic number Z reaching about 0.1% at Z = 47 for both transitions. However, for the TEOP transition, the Breit interaction contribution to the transition rate is about 0.5%-5.5% and 0.1%-4% for 3 P 1 -1 S 0 and 1 P 1 -1 S 0 transitions, respectively. Since TEOP is a multi-electron process, the electron correlation effect plays a essential role in this transition, and Breit interaction becomes more and more significant with the increase of Z, which can be inferred from the Fig. 1(f)  and 2(f) .
The mixing of the CSFs lead to the feasibility of TEOP transition which was strictly forbidden according to the selection rule. The main contribution for 2s2p
1 P 1 and 3 P 1 of the CSFs change from 67% for Ne to 98% for Ag which indicate the change of coupling scheme from LSJ TABLE II. Transition energies (in eV) of the one-electron radiative transitions from states of 2s2p configuration in He-like ions. '*' denotes the spin-forbidden transition [14] to jj with the change of the nucleus and the interaction in these ions. The mixing contribution from 1s2p 1 P 1 and 3 P 1 was tiny (less than 1%), even though it contribute the main parts for the TEOP transitions. Because the 2p − 1s resonance transition was strong, the TEOP transition matrix elements were obtained by this tiny mixing. Besides the mixing of the 1s2p in the excited states 2s2p, there are also some tiny mixing of the ground states, such as 2s 2 , 2p 2 have contribution to the 1s 2 1 S 0 . Therefore, the 2p − 2s and 2s − 2p transition matrix elements could also contribute to the TEOP transition by mixing.
V. CONCLUSION
The energy levels, transition energies and rates for the one-and two-electron radiative transitions from double K hole states 2s2p to 1s2s and 1s 2 configurations of Helike ions were calculated using multi-configuration DiracFock method. An active space method was employed and reasonable electron correlation model was constructed to study the electron correlation effects. The Breit interaction and QED effects were taken into account efficiently. The convergence of the energy levels were obtained with the increase of active space. The transition energy and rates show a good agreement between the present calculation and the previous work. It is emphasized in the present work that the TEOP transition was essentially caused by the electron correlation effects. It is also found in the present work that the electron correlation effect and Breit interaction contribution to the transition energies of both OEOP and TEOP transition will decrease with the increase of Z. The competition between the nucleus-electron Coulomb interaction and electron correlation was obviously found for lower Z ions. The former will be dominated in high Z ions. The calculated data will be helpful for the future investigations on OEOP and TEOP transition of He-like ions. −1 ) of the one-electron radiative transitions from states of 2s2p configuration in He-like ions, '*' denotes the spin-forbidden transition. (14) a Reference [29] . b Reference [47] . 
